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Edited by Francesc PosasAbstract RNA polymerase II (pol II) puriﬁed from the ﬁssion
yeast Schizosaccharomyces pombe was previously reported to
be associated with the general transcription factor TFIIF and
the C-terminal domain phosphatase Fcp1, as well as glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), which has recently
been implicated in transcriptional activation in human cells.
Here, we provide evidence that the Rpb7 subunit of pol II inter-
acts with GAPDH. Two-hybrid screen identiﬁed GAPDH as an
Rpb7-binding protein. In addition, GAPDH was aﬃnity-puriﬁed
from S. pombe extract by using an Rpb4/Rpb7-coupled column.
We also identiﬁed actin as a pol II-associated protein and re-
vealed the interaction between actin and Rpb7.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Eukaryotic RNA polymerase II (pol II), the enzyme that
synthesizes all mRNAs and some non-coding RNAs, plays a
central role in transcription and thus is a target of regulatory
signals. pol II consists of evolutionarily conserved 12 subunits,
designated Rpb1 to Rpb12 [1]. The catalytic activity resides in
a 10-subunit core, whereas the initiation of transcription re-
quires two additional subunits, Rpb4 and Rpb7, which form
a heterodimer to associate with the core [2].
The in vivo role of the Rpb4/Rpb7 complex has been studied
by using Saccharomyces cerevisiae mutants carrying a deletion
of the RPB4 gene, which facilitates the dissociation of Rpb7
from the core [2]. The Drpb4 cells are viable but show a temper-
ature-sensitive growth phenotype [3] associated with a generalAbbreviations: CAP, adenylyl cyclase-associated protein; CTD, car-
boxyl-terminal domain; eEF1A, eukaryotic translation elongation fa-
ctor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PAPS
reductase, phosphoadenylyl sulfate reductase; pol II, RNA polymerase
II
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doi:10.1016/j.febslet.2004.11.045defect in pol II transcription [4,5]. Rpb4/Rpb7 has also been
implicated in stress response and transcriptional activation
[6,7].
Several observations suggest that Rpb7 is the key compo-
nent of the Rpb4/Rpb7 heterodimer. First, in S. cerevisiae,
the RPB7 gene is essential for cell viability [8] but the RPB4
gene is dispensable under optimal growth conditions [9],
although the genes encoding Rpb7 and Rpb4 are both essential
in Schizosaccharomyces pombe [10,11]. Second, when overex-
pressed, Rpb7 can bind to the core in the absence of Rpb4
and suppress the temperature-sensitive growth of the cells lack-
ing Rpb4 [12,13]. Finally, Rpb7 contains RNA-binding motifs,
which is consistent with the observation that recombinant
Rpb4/Rpb7 protein binds to RNA [14,15].
Recent structural studies have determined the location of the
Rpb4/Rpb7 heterodimer in the complete pol II complex
[16,17]. Rpb4/Rpb7 is in the vicinity of potential RNA exit,
suggesting that Rpb7 may interact with RNA as it emerges
from the core pol II. The heterodimer is also in close proximity
to the linker to the C-terminal domain (CTD) of the largest
subunit of pol II, consistent with the reported interactions be-
tween Rpb4 and the CTD phosphatase Fcp1 [18] and between
Rpb7 and the CTD-binding protein Nrd1 [10]. Furthermore,
the location of Rpb4/Rpb7 in pol II suggests that Rpb4/
Rpb7 interacts with the general transcription factors and pos-
sibly other regulatory factors [16,17], which may explain the
roles for Rpb4/Rpb7 in the initiation and activation of
transcription.
Here, we show that Rpb7 of S. pombe interacts with glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). This ﬁnding
may account for the previously reported association of
GAPDH with pol II [18]. Interestingly, GAPDH has recently
been found to be a key component of a human coactivator
complex [19]. We also show that pol II can be puriﬁed in asso-
ciation with actin and that actin interacts with Rpb7. In addi-
tion to GAPDH and actin, several proteins were found to
interact with pol II or Rpb4/Rpb7, including adenylyl cy-
clase-associated protein (CAP), eukaryotic translation elonga-
tion factor 1 (eEF1A, formerly EF-1a), and phosphoadenylyl
sulfate (PAPS) reductase.2. Materials and methods
2.1. S. pombe strains
S. pombe strains JY741 and JY741/f-rpb3 [18] were used for anti-
FLAG-aﬃnity puriﬁcation of pol II, and strain 972 (h wild type)
was used for Rpb4/Rpb7-aﬃnity puriﬁcation.blished by Elsevier B.V. All rights reserved.
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phosphorylated CTD
Aﬃnity puriﬁcation of S. pombe pol II from extract after nuclease
treatment, identiﬁcation of pol II-associated proteins by mass spectro-
metric analysis, and gel ﬁltration of the pol II complex were performed
as described previously [18].
2.3. Two-hybrid screen for Rpb7-interacting proteins
Gal4-based two-hybrid screen with an S. pombe cDNA library was
performed as described [10,20]. The bait plasmid pGBKT7(RPB7F)
was described previously [10]. Another bait plasmid,
pGBKT7(RPB7NM), was constructed by inserting PCR-ampliﬁed
rpb7 cDNA corresponding to amino acids 3–123 into the EcoRI/Bam-
HI sites of pGBKT7 to produce the N-terminal two-thirds of Rpb7
fused to the Gal4 DNA-binding domain. The expression of the fusion
protein was veriﬁed by immunoblotting. After transformation with the
cDNA library, His+ Mel+ colonies were selected on synthetic medium
that contains 5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside (X-a-
Gal) but lacks tryptophan, leucine, and histidine. Library plasmids
were isolated from the positive colonies and sequenced to identify
interacting proteins.
2.4. Puriﬁcation and identiﬁcation of proteins that bind to Rpb4/Rpb7
Recombinant Rpb4/Rpb7-H protein was puriﬁed from Escherichia
coli and coupled to a HiTrap NHS-activated HP column (Amersham
Biosciences) as described [11,18]. Whole-cell extract of the S. pombe
strain 972 was prepared in buﬀer H (50 mM HEPES–KOH [pH 7.9],
20% glycerol, 1 mM EDTA, 1 mM EGTA, 5 mM DTT, and 0.5
mM PMSF) containing 0.2 M potassium acetate and a protease inhib-
itor mixture. After dialysis to reduce the potassium acetate concentra-
tion to 0.1 M, the extract was loaded onto the Rpb4/Rpb7-coupled and
control columns. The columns were washed with buﬀer H containing
0.2 M potassium acetate, and bound proteins were eluted with buﬀer
H containing 1 M NaCl, 95% ethylene glycol, or 6 M urea. After
SDS–PAGE and CBB staining, bands were excised and in-gel digested
with trypsin. The resulting peptides were puriﬁed by reverse-phase
chromatography and sequenced with a protein sequencer (Applied
Biosystems).Fig. 1. Association of S. pombe pol II with GAPDH and actin. (A) Protein
tagged Rpb3 (f-Rpb3) and non-tagged (Control) strains were separated by 1
were identiﬁed by peptide mass ﬁngerprinting. Molecular mass markers are in
[18] with permission (Copyright 2002, American Society of Microbiology).] (B
loaded onto a Superose 6 column. The fractions were analyzed by 10–20% S
shown on the top and molecular mass markers (in kDa) at the bottom. [Repr
2002, American Society of Microbiology).] (C) An enlarged view of (B) showi
anti-FLAG antibody from the extract after nuclease treatment of FLAG-tagg
(A). pol II-associated proteins were identiﬁed by peptide mass ﬁngerprinting
the f-Rpb3 strain were analyzed as in (B).3. Results
3.1. Diﬀerent forms of S. pombe pol II associate with GAPDH
and actin
Kimura et al. [18] reported aﬃnity puriﬁcation of two forms
of pol II from S. pombe by using a strain expressing a FLAG-
epitope tagged Rpb3 subunit. One form isolated by extraction
with a low-salt buﬀer contains the Rpb1 subunit with an
unphosphorylated CTD and is unlikely to be engaged in tran-
scription. The other form isolated by extraction after nuclease
treatment of the ﬁrst pellet contains Rpb1 with a phosphory-
lated CTD and is presumed to be engaged in transcription.
The pol II with an unphosphorylated CTD associates with
the three subunits of the general transcription factor TFIIF
(TFIIFa, TFIIFb, and Tfg3), the CTD phosphatase Fcp1,
and GAPDH ([18] and Fig. 1A). Among these pol II-associ-
ated proteins, biological signiﬁcance was least clear for
GAPDH, because GAPDH is a glycolytic enzyme abundant
in the cytoplasm. Nevertheless, gel ﬁltration analysis clearly
showed that GAPDH eluted in the same fractions as pol II,
TFIIF, and Fcp1 (Fig. 1B and C), demonstrating that
GAPDH forms a pol II complex with TFIIF and Fcp1.
We performed the same analysis on the pol II with a phos-
phorylated CTD. The pol II was found to be associated with
proteins that were not puriﬁed from the control strain (Fig.
1D). Peptide mass ﬁngerprinting identiﬁed the pol II-associ-
ated proteins as actin and CAP (Fig. 1D), which are 375-
and 551-amino acid proteins, respectively. CAP is known to
bind monomeric actin to regulate actin polymerization [21].
The interaction between actin and CAP suggests the possibility
that CAP associates pol II through its binding to actin, or vice
versa (see Section 4). Unlike GAPDH, however, the gel ﬁltra-s isolated with anti-FLAG antibody from the ﬁrst extract of FLAG-
0–20% SDS–PAGE and stained with CBB. pol II-associated proteins
dicated in kDa on the left. [Reproduced with slight modiﬁcations from
) The proteins isolated from the ﬁrst extract of the f-Rpb3 strain were
DS–PAGE and the gel was stained with silver. Fraction numbers are
oduced with slight modiﬁcations from [18] with permission (Copyright
ng the GAPDH bands in the peak fractions. (D) Proteins isolated with
ed Rpb3 (f-Rpb3) and non-tagged (Control) strains were analyzed as in
. (E) The proteins isolated from the extract after nuclease treatment of
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pol II (Fig. 1E). It has been reported that pol II with a phos-
phorylated CTD interacts with the nuclear matrix [22]. Actin
and CAP may loosely associate with the nuclear matrix.3.2. Rpb7 subunit of pol II interacts with GAPDH and actin in
two-hybrid assays
We carried out two-hybrid screen for proteins that interact
with the Rpb7 subunit of pol II by using two bait plasmids,
one encoding full-length Rpb7 and the other encoding C-termi-
nally truncated Rpb7 (Fig. 2A). After transformation of cells
carrying one of the bait plasmids with an S. pombe cDNA li-
brary, colonies showing simultaneous expression of the repor-
ter genes were selected. Sequencing of the library plasmids
isolated from the positive colonies identiﬁed two genes that en-
code the glycolytic enzyme GAPDH: gpd1/tdh1 (systematic
name is SPBC32F12.11) and gpd3 (SPBC354.12) (Fig. 2B).
[Note that there is another S. pombe gene named gpd1
(SPBC215.05), which encodes glycerol-3-phosphate dehydro-
genase, an enzyme distinct from GAPDH. In this report, how-
ever, we will refer to the GAPDH gene SPBC32F12.11 as gpd1.]Fig. 2. Two-hybrid interaction of Rpb7 with GAPDH and actin. (A) Bait p
terminus of Rpb7. (B) Reporter gene expression of cells carrying GAPDH clo
were spotted on an X-a-Gal indicator plate, which contains 40 lg/ml X-a-Ga
select for the plasmids. Plasmid pairs are pGBKT7(RPB7NM) and either pG
grown at 30 C for three days. The blue color indicates the MEL1 reporter e
mutation in the host strain and the absence of the ADE2 reporter expressi
products encoded by the isolated library plasmids, the N-terminus of whic
encoded by the gpd1 and gpd3 genes are shown on the top. NM or F on th
pGBKT7(RPB7F). NMa21 and NMa33 are representatives that are shown in
carrying pGBKT7(RPB7F) and either pGADGH (vector) or pFa5 (act1) wer
is shown in (D). Fb210 was used in [10] as a positive control.The gpd1 and gpd3 genes encode 336- and 335-amino acid
proteins, respectively, which show a high degree of sequence
homology to each other (93% identity and 97% similarity).
The screen using the full-length Rpb7 as bait yielded 10 gpd1
clones that encode C-terminal portions of GAPDH fused to
the Gal4 activation domain (Fig. 2C, designated F). We also
isolated one gpd3 clone as well as 12 additional gpd1 clones
from the screen using the C-terminally truncated Rpb7 as bait
(Fig. 2C, designated NM). These results indicate that the C-
terminal one-third of Rpb7 and the N-terminal half of
GAPDH are dispensable for their interaction.
The two-hybrid screen also identiﬁed actin, which is encoded
by the act1 (SPBC32H8.12c) gene, as an Rpb7-binding protein
(Fig. 2D). Seven act1 clones were isolated by using the full-
length Rpb7 as bait (Fig. 2E). In addition, the two-hybrid
screen yielded four clones that encode eEF1A (data not
shown).
3.3. Rpb4/Rpb7-aﬃnity puriﬁcation of GAPDH and actin from
S. pombe extract
As another approach to identify Rpb7-interacting proteins,
we puriﬁed proteins that bind to Rpb4/Rpb7. Recombinantlasmids. The Gal4 DNA-binding domain is fused in frame to the N-
nes. Cell suspensions of yeast strains carrying bait and library plasmids
l to detect a-galactosidase activity but lacks tryptophan and leucine to
ADGH (vector), pNMa21 (gpd1), or pNMa33 (gpd3). The cells were
xpression and the red color observed for the control is due to an ade2
on. (C) GAPDH clones isolated. Shown are the gpd1 and gpd3 gene
h is fused to the activation domain of Gal4. The full-length proteins
e right indicates the bait plasmid used: NM, pGBKT7(RPB7NM); F,
(B). (D) Reporter gene expression of cells carrying an actin clone. Cells
e tested as in (B). (E) Actin clones isolated. Fa5 is a representative that
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Rpb4 and used to prepare an Rpb4/Rpb7-coupled column.
We used Rpb4/Rpb7 instead of Rpb7 alone to eliminate possi-
ble interactions through the region of Rpb7 masked in vivo
with Rpb4.
S. pombe whole-cell extract was loaded on the Rpb4/
Rpb7-aﬃnity column, and proteins that remained bound
after washing were eluted with 1 M NaCl, 95% ethylene gly-
col, or 6 M urea (Fig. 3). Since 6 M urea was most eﬀective
in elution, the proteins eluted with 6 M urea were in-gel di-
gested with trypsin and the resulting peptides were se-
quenced by Edman degradation. As a result, ﬁve proteins
were identiﬁed: GAPDH, actin, eEF1A, prolyl-tRNA syn-
thetase, and PAPS reductase (Fig. 3, lane 8). All the pro-
teins except GAPDH and actin were also eluted eﬀectively
with ethylene glycol (Fig. 3, lane 6). It should be noted that
a protein may indirectly bind to Rpb4/Rpb7 through an-
other protein. For instance, eEF1A binds aminoacyl-tRNA
and delivers it to the ribosome. In addition, it has been well
documented that eEF1A binds to F-actin (for example [23]).
These interactions may explain the concomitant puriﬁcation
of actin, eEF1A, and prolyl-tRNA synthetase. PAPS reduc-
tase, which can be reduced by the thioredoxin and glutare-
doxin systems, is the key enzyme in the reduction of
sulfate to sulﬁte [24].Fig. 3. Rpb4/Rpb7-aﬃnity puriﬁcation of GAPDH and actin from S.
pombe extract. Whole-cell extract of the wild-type strain 972 (IN) was
loaded onto an Rpb4/Rpb7-coupled (4/7) and control (C) columns,
and the ﬂowthrough (FT) was collected. After washing, bound
proteins were eluted with a buﬀer containing 1 M NaCl, 95% ethylene
glycol, or 6 M urea. The eluted proteins were separated by 10–20%
SDS–PAGE and stained with silver. Proteins eluted with 6 M urea
were identiﬁed with a protein sequencer and shown on the right. Rpb4
and Rpb7 that were not covalently attached to the column were also
eluted. Molecular mass markers (in kDa) are indicated on the left.4. Discussion
In S. pombe, GAPDH associates with the pol II/TFIIF/Fcp1
complex, which contains Rpb1 with an unphosphorylated
CTD and therefore seems not to be engaged in transcription
([18] and Fig. 1). Our two-hybrid screen revealed that GAPDH
interacted with the Rpb7 subunit of pol II. Moreover,
GAPDH bound to recombinant Rpb4/Rpb7 protein. These re-
sults suggest that Rpb7 mediates the association of GAPDH
with the pol II complex. S. pombe GAPDH is encoded by
the two genes gpd1 and gpd3, both of which were isolated in
the two-hybrid screen. Therefore, the two bands of GAPDH
in Figs. 1C and 3 may represent Gpd1 and Gpd3. We were,
however, unable to identify each of the two bands as Gpd1
or Gpd3, because the peptides that we sequenced were found
to be shared by Gpd1 and Gpd3.
Although GAPDH is a well-characterized glycolytic enzyme
abundant in the cytoplasm, its nuclear localization and possi-
ble involvement in diverse cellular functions, such as DNA
replication and RNA export, have been reported [25,26]. Inter-
estingly, nuclear GAPDH in human cells has recently been
identiﬁed as a key component of a coactivator complex for his-
tone H2B transcription [19]. The role for GAPDH in transcrip-
tional activation is consistent with our ﬁnding that, in S.
pombe, GAPDH associates with the pol II complex that is
not engaged in transcription. It will be of great interest to
determine whether GAPDH plays a role in transcriptional
activation in S. pombe as well. Human GAPDH interacts di-
rectly with Oct-1, which binds to the promoter region of the
histone gene, and the interaction is modulated by the NAD+/
NADH ratio [19]. It is also known that S. cerevisiae GAPDH
undergoes S-thiolation in response to oxidative stress, and the
modiﬁcation inhibits its enzyme activity [27]. Thus, S. pombe
GAPDH may mediate transcriptional activation in response
to cellular metabolic state or oxidative stress through the inter-
action with pol II.
It has been shown that human GAPDH has an intrinsic acti-
vation domain [19], suggesting that GAPDH interacts with an
as yet unidentiﬁed component of the basal machinery of pol II
transcription. Our results raise the possibility that Rpb7 is a
target for GAPDH in the activation of the human histone
gene, which is consistent with the proposed role for Rpb7 in
transcriptional activation [7] and with the location of Rpb7
in pol II complex that allows its interaction with regulatory
factors [16,17].
pol II that is likely to be engaged in transcription was asso-
ciated with two proteins, actin and CAP, which are not found
in the pol II/TFIIF/Fcp1/GAPDH complex. Actin was also
identiﬁed in the two-hybrid screen as an Rpb7-interacting pro-
tein and aﬃnity-puriﬁed from whole-cell extract with the
Rpb4/Rpb7 column. CAP may indirectly interact with pol II
through actin, because CAP is known to bind actin [21].
Although actin plays crucial roles in the cytoplasm, a large
number of reports have suggested the presence of actin in
the nucleus, and recent studies provide evidence that actin is
involved in various nuclear functions, including synthesis, pro-
cessing, and transport of mRNA [28,29]. For example, actin is
a component of chromatin remodeling complexes in human,
Drosophila, and S. cerevisiae [30,31] and plays an important
role in transcription [32]. Our copuriﬁcation of actin with
pol II containing a phosphorylated CTD supports a role of
actin in pol II transcription and/or pre-mRNA processing.
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